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The genes encoding the putative small hydrophobic (SH), attachment (G) and polymerase (L)

proteins of the Colorado isolate of subgroup C avian pneumovirus (APV) were entirely or partially

sequenced. They all included metapneumovirus (MPV)-like gene start and gene end sequences.

The deduced Colorado SH protein shared 26?9 and 21?7% aa identity with its counterpart in

humanMPV (hMPV) and APV subgroup A, respectively, but its only significant aa similarities were to

hMPV. Conserved features included a common hydrophobicity profile with an unique

transmembrane domain and the conservation of most extracellular cysteine residues. The Colorado

putative G gene encoded several ORFs, the longer of which encoded a 252 aa long type II

glycoprotein with aa similarities to hMPV G only (20?6% overall aa identity with seven

conserved N-terminal residues). The putative Colorado G protein shared, at best, 21?0% aa

identity with its counterparts in the other APV subgroups and did not contain the extracellular

cysteine residues and short aa stretch highly conserved in other APVs. The N-terminal end of the

Colorado L protein exhibited 73?6 and 54?9% aa identity with hMPV and APV subgroup A,

respectively, with four aa blocks highly conserved among Pneumovirinae. Phylogenetic analysis

performed on the nt sequences confirmed that the L sequences from MPVs were genetically

related, whereas analysis of the G sequences revealed that among MPVs, only APV

subgroups A, B and D clustered together, independently of both the Colorado isolate and

hMPV, which shared weak genetic relatedness at the G gene level.

INTRODUCTION

Avian metapneumoviruses (known as avian pneumo-
viruses or APVs) cause respiratory diseases and/or egg
drops in species such as turkey, chicken, Muscovy or
Pekin duck (reviewed by Cook, 2000). First reported in
the late 1970s in South Africa (Buys & Du Preez, 1980),
and subsequently in France and the UK (Giraud et al.,
1986; McDougall & Cook, 1986), APVs have now been
described worldwide, although Australia is still considered
to be free from infection (Bell & Alexander, 1990). APV
has been proposed as the type species for the newly
defined genus Metapneumovirus (Pringle, 1998), which
was created within the subfamily Pneumovirinae to
account for the APV genome containing eight genes

arranged in the order 39-N-P-M-F-M2-SH-G-L-59, instead
of 10 genes arranged in the order 39-NS1-NS2-N-P-M-SH-
G-F-M2-L-59, as found in pneumoviruses from mammals,
such as respiratory syncytial virus (RSV) (Yu et al., 1992).

APV subgroups A and B, designated by reference to human
RSV (HRSV) subgroups, were defined originally on the basis
of nt sequence divergence in the gene encoding the putative
attachment glycoprotein G (Juhasz & Easton, 1994). This
grouping was consistent with antigenic differences recog-
nized in ELISA, virus neutralization or with monoclonal
antibodies (Toquin et al., 1992; Cook et al., 1993; Collins
et al., 1993; Eterradossi et al., 1995; Bäyon-Auboyer et al.,
1999). Recent findings have unravelled more extensive
variations among APVs. The first APV isolates obtained in
the United States from turkeys with rhinotracheitis (Senne
et al., 1997) were shown to be genetically (Seal, 1998) and
antigenically (Cook et al., 1999; Toquin et al., 2000) different

The sequences reported in this paper have been deposited in EMBL
under the accession nos AJ457967 (SH and G) and AJ496565 (L).
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from subgroups A and B. The first of these isolates, known as
the Colorado APV isolate, has been proposed as the proto-
type of a new subgroup, C, or even of a new serotype (Seal,
2000). The first APVs isolated in ducks in France were
related to this subgroup (Toquin et al., 1999a). Finally,
French isolates obtained in the mid 1980s, which did not fit
antigenically and genetically into any of the three other
subgroups, were proposed as subgroup D (Bäyon-Auboyer
et al., 1999, 2000). Antigenic and genetic data suggest
consistently that subgroup C APV is more divergent. First,
in ELISA and virus neutralization assays, some cross-
reactivity occurs between all subgroups except C (Cook et al.,
1999; Toquin et al., 2000). Second, in experimental cross-
protection studies performed in specific-pathogen-free
chickens or turkeys, attenuated vaccines developed from
subgroups A or B APV clinically control infection of viruses
belonging to the four APV subgroups (Cook et al., 1995;
Toquin et al., 1996, 1999b), whereas prior immunization
with a subgroup C virus does not prevent infection by
subgroup A or B viruses (Cook et al., 1999). Finally, several
studies targeted at the N, P, M, F and M2 genes have shown
that APV subgroup C is genetically the most divergent APV
(Shin et al., 2002).

Until recently, metapneumoviruses (MPVs) were only
demonstrated in avian species. In 2001, a human MPV
(hMPV) was identified in infants presenting with respira-
tory signs evocative of RSV infections, first in the
Netherlands (van den Hoogen et al., 2001) and then in
Australia (Nissen et al., 2002), Canada (Peret et al., 2002)
and France (Freymuth et al., 2002). The order of hMPV
genes is typical of MPV and the high aa identity of the
proteins encoded by the N, P, M, F and M2 genes of hMPV
with their counterparts in subgroup C APV (68–88% aa
identity) showed that these viruses were closely related (van
den Hoogen et al., 2002). The hMPV genome has now been
sequenced fully (van den Hoogen et al., 2002) and sequence
divergence among hMPV isolates suggests that several
genetic hMPV lineages co-circulate in humans (Peret et al.,
2002). However, the relationships between the human and
avian viruses have not been clarified yet, as the genes
encoding two proteins that may be important for anti-
genicity and host range, the small hydrophobic protein (SH)
and the putative attachment glycoprotein (G), respectively,
have not been sequenced in subgroup C APVs.

Here we report the first sequences of the SH and G genes of
a subgroup C APV, the Colorado isolate, together with the
partial sequence of its polymerase (L) gene. These data are
compared with their counterparts in hMPV and other APVs;
although hMPV and the Colorado isolate of subgroup C
APV share some features of their putative SH and G pro-
teins, which make them clearly different from the other APV
subgroups, the two viruses also exhibit extensive sequence
divergence.

METHODS

Virus. The Colorado isolate of subgroup C APV was kindly pro-
vided by D. A. Senne (USDA, APHIS, Ames, USA), as reference

193ADV9802 passaged 12 times in chicken embryo fibroblasts
(CEFs). It was passaged twice in Vero cells in the AFSSA laboratory
prior to genetic study. The antigenicity of the Colorado isolate has
been characterized previously (Toquin et al., 2000).

RNA extraction, RT-PCR and oligonucleotide sequencing.
Virus RNA was extracted from inoculated Vero cells using the
RNeasy Mini kit (Qiagen). RNA extracts were reverse-transcribed at
42˚C for 50 min using Superscript II RT (Invitrogen), according to
the manufacturer’s recommendations. All PCRs were performed
with the proofreading polymerase from the Expand High Fidelity
PCR system (Roche), according to the manufacturer’s recommenda-
tions. The PCR cycle included a pre-cycle step at 94˚C for 2 min,
followed by 15 cycles of denaturation at 94˚C for 15 s, annealing at
the optimal temperature, according to the selected primers, for 30 s
and extension at 72˚C for 2 min. For the next 25 cycles, the exten-
sion step was increased by 5 s per cycle. A final extension step was
performed at 72˚C for 7 min. Oligonucleotide primers used for
cDNA synthesis and PCR were selected in sequences published
already or determined previously using the OLIGO 4.1 Primer
Analysis software (Med. Prob.). Information on the sequence and
optimal annealing temperature of the primers is available upon
request. PCR products were purified with the Geneclean II kit (Bio
101) and were sequenced in both directions with an ABI 373 XL
DNA sequencer, the AmpliTaq DNA polymerase FS, the ABI Prism
Dye Terminator Cycle Sequencing kit (all from Applied Biosystems)
and the PCR primers.

Strategy for sequencing the SH, G and L genes. Primers
selected previously in flanking genes were used first (F+1087 and
L-1207 primers; Bäyon-Auboyer et al., 2000). Due to mispriming,
the resulting PCR only allowed sequencing of 650 bp of the
Colorado L gene. A Colorado-specific primer pair (F+354/L-765)
was then selected, which amplified a 4800 bp PCR product encom-
passing the Colorado genomic RNA from the F to the L genes. The
sequence of this PCR product was determined by genome walking
and was confirmed by sequencing at least three different PCR
products corresponding either to the original long PCR product or
to the shorter PCR product designed during the genome walking
process.

Submission of sequences. Sequences presented here are from
cDNA and have been deposited in the EMBL database with acces-
sion numbers AJ457967 (SH and G) and AJ496565 (L).

Analysis of nt and aa sequences. Sequences were aligned using
CLUSTAL W (Thompson et al., 1994). Hydrophobicity profiles were
determined with the TopPredII software (Claros & von Heijne,
1994) available online at the Institut Pasteur, France (http://bioweb.
pasteur.fr). Proteins were analysed on the same website using the
Pepstats software (EMBOSS). O-Glycosylation, N-glycosylation and
signal peptidase sites were predicted using NetOGlyc2.0 (Hansen
et al., 1998), NetNGlyc1.0 (Gupta et al., 2002) and SignalP1.1
(Nielsen et al., 1997), respectively; all software derived from the
Center for Biological Sequence Analysis, Technical University of
Denmark, Denmark (http://genome.cbs.dtu.dk). Local similarities
between nt and aa sequences were studied with BLAST 2 (Altschul
et al., 1997).

Phylogeny. Multiple alignment of APV, hMPV and pneumovirus
aa sequences was performed as described above. To avoid insertion
of gaps within codons, multiple alignment of nt sequences was
deduced from alignment of aa sequences. Sites including only gaps
introduced by the outgroup (SV5, simian parainfluenza virus type
5) were eliminated. The final alignment was analysed using PHYLIP,
version 3.52c (Felsenstein, 1993). The SEQBOOT program was run to
generate 500 datasets that are randomly resampled versions of the nt
sequences aligned previously. Each dataset was analysed using the
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neighbour-joining method with Kimura’s modified two-parameter

distances (DNADIST and NEIGHBOR). The resulting 500 phylogenetic

trees were used to compute a consensus tree according to CONSENSE

with the ‘majority rule’ criteria. Bootstrap values on the consensus

tree are percentages based on the 500 bootstrap iterations.

RESULTS

The putative SH gene and its deduced product

The putative Colorado SH gene started immediately down-
stream of the published gene end sequence of the M2 gene
(AGTTAATAAAAAAATT; accession no. AF176592). Its
length was 623 nt from the first nt of its transcription start
signal to the last nt of its gene end signal. The transcription
start signal was similar to APV subgroup A SH gene start
(GGGACAAGT in strain CVL/14.1, which is the only APV
SH gene sequenced to date; accession no. S40185) and
different from that of the hMPV SH gene (GGGATAAAT in
strain 00-1; accession no. AF371337). As in hMPV, the first
ATG codon of the SH gene was located 4 nt downstream of
the transcription start signal. A large ORF started with this
ATG (525 nt encoding a 175 aa product in the Colorado
isolate versus 549 nt encoding a 183 aa product in hMPV
and 522 nt encoding a 174 aa product in APV subgroup A).
The stop codon of the SH ORF of the Colorado isolate was
located 69 nt upstream of the transcription stop signal
(AGTTATTTAAAAA), two other potential stop codons
being included in these 69 nt. The best nt identities with the
SH sequence of the Colorado isolate were 55?3 and 52?5%
for hMPV or APV subgroup A viruses, respectively.

The deduced SH protein of the Colorado isolate had a
predicted molecular mass of 19?5 kDa (versus 20?9 kDa
for hMPV and 18?8 kDa for CVL/14.1) and an isoelectric
point of 8?65 (8?96 for the hMPV and 7?99 for APV
subgroup A). Its only significant similarities, as detected
with BLAST, were with the hMPV SH protein (accession no.
AF371337).

The deduced Colorado SH protein had a high serine
and threonine content (22?28%), similar to hMPV SH
(22?40%) and higher than APV subgroup A SH (17?81%)
(Fig. 1). No conserved O-glycosylation sites were observed
between the Colorado and hMPV SH proteins. The
extracellular domain of the Colorado SH included four
N-glycosylation sites versus two (with one in a conserved
position) in hMPV SH. The predicted hydrophobicity
profile of the Colorado SH protein included an N-terminal
hydrophilic region with a potential intracellular position
(aa 1–28) followed by a short hydrophobic area, predicted
to be a membrane-spanning domain (aa 29–49), and a
hydrophilic C-terminal end, predicted to be an extracellular
domain (aa 50–175) (Fig. 1). This hydrophobicity profile
was similar to the hMPV SH protein (three predicted
intracellular, transmembrane and extracellular regions,
spanning aa 1–30, 31–51 and 52–183, respectively) but
different from the APV subgroup A SH protein, which had
two predicted hydrophobic transmembrane regions (aa
32–52 and 69–89). Although the deduced Colorado SH
protein shared only 26?9% overall aa identity with the
hMPV putative SH protein (and 21?7%with APV subgroup
A), some features were conserved with hMPV SH (Fig. 1):
(i) the conservation of eight cysteine residues of nine located

Fig. 1. Alignment of the predicted aa sequence of the SH protein of APV subgroup C Colorado isolate (Colo) with APV
subgroup A strain CVL/14.1 and hMPV strain 00-1 (hMPV) (see accession numbers in the legend of Fig. 4). The alignment
was done with CLUSTAL W and was presented so as to give the optimum alignment of the APV subgroup A and Colorado
sequences on the one hand and of the Colorado and hMPV sequences on the other hand. Proposed intracellular,
transmembrane and extracellular domains are indicated above the sequences. Open marks are used for comparison between
APV subgroup A and Colorado and closed marks are used for comparison between Colorado and hMPV. Circles indicate the
positions of conserved aa residues. Arrows indicate conserved cysteine residues. Predicted sites of N-glycosylation are
enclosed in shaded boxes. The three aa stretches longer than four residues and with a conservation greater than 75% are
underlined. Gaps (periods) introduced into the sequence to optimize alignments are not taken into account in the arbitrary
numbering.
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in the extracellular domain (six of these were also conserved
in APV subgroup A); (ii) the presence in the Colorado
isolate and hMPV SH proteins, as in all Pneumovirinae, of
basic aa flanking the transmembrane domain (lysine and
arginine residues at aa 28 and 53, respectively, in the
Colorado isolate; Fig. 1); and (iii) the presence of three short
aa stretches with an identity greater than 75% [aa 51–59,
118–122 (which includes the conserved N-glycosylation
site) and aa 162–166]. Pairwise alignment of the Colorado
putative SH protein with the SH proteins of members of the
genus Pneumovirus revealed 6?3–16?6% identity [with ovine
RSV (ORSV) and pneumonia virus of mice (PVM), respec-
tively] and no conserved aa stretch longer than 3 aa was
apparent in these alignments.

The putative G gene and its deduced products

The Colorado putative G gene started 91 nt downstream of
the SH gene. Its length was 783 nt from the first nt of the
transcription start signal [GGGACAAGT, as found in most
APV genes sequenced to date (Bäyon-Auboyer et al., 2000)
and in the G gene of hMPV (van den Hoogen et al., 2002)]
to the last nt of the gene end/polyadenylation signal. As
observed also in hMPV, the Colorado G gene had the
capacity to encode several polypeptides. The start codon of
the larger ORF (ORF1) was located, as in hMPV, 4 nt
downstream of the gene start. ORF1 was 759 nt long, hence
48 nt longer than the hMPV G main ORF, but 417, 486 and
411 nt shorter than the G genes of APV subgroups A (strain
CVL/14.1; accession no. S40185), B (strain 2119; accession
no. L34031) and D (strain Fr/85/1; accession no. AJ400731),
respectively. In the Colorado isolate (and unlike hMPV),
no shorter secondary ORF was found in the same reading
frame after the stop codon of ORF1, which was partially
overlapping with the gene end/polyadenylation signal
(AGTTAATTAAAAA, the first 2 nt belonging to the TAG
stop codon).

As in hMPV, the second reading frame of the Colorado
putative G gene potentially encoded two additional poly-
peptides [71 and 75 aa long and encoded by nt 296–511
(ORF2a) and 521–748 (ORF2b), respectively] and the third
reading frame encoded one [137 aa long and encoded by nt
330–743 (ORF3)]. However, these secondary polypeptides
were neither located downstream of an identifiable gene
start signal nor started with an ATG codon, and only the
ORF3-encoded polypeptide ended with the typical APV
AGTTA gene end signal partially overlapping its TAG stop
codon.

The ORF1-encoded protein was 252 aa long (predicted
molecular mass of 27?4 kDa, isoelectric point of 10?4). Its
only significant similarities, as revealed by BLAST, were with
the putative hMPV G protein (accession no. Q8QN55). The
alignment of the aa sequence of the two proteins is shown in
Fig. 2. The overall aa conservation between the ORF1-
derived and hMPV G proteins was low (20?6%, corre-
sponding to a 55?6% nt identity), but much higher in
the intracellular domain (53?3% aa identity, with 100%

aa identity of the seven N-terminal residues) than in the
transmembrane and extracellular domains (19?0 and
15?9%, respectively). The ORF1 protein contained 22?6%
threonine, 6?7% serine and 6?3% proline residues (18?2,
15?7 and 8?5% in hMPV, respectively). Only two cysteine
residues were present in the ORF1 protein and only the one
located in the intracellular domain was conserved with
hMPV G. A total of 16 potential O-glycosylation sites were
conserved between the two proteins. The extracellular
domain of protein ORF1 included five potential N-
glycosylation sites (versus four in the hMPV G extracellular
domain) but none was conserved with hMPV. The
hydrophobicity profile of the ORF1 protein included an
N-terminal hydrophilic region (aa 1–30) predicted to be
intracytoplasmic, a hydrophobic segment predicted to have
a transmembrane location (aa 31–51) and a C-terminal
hydrophilic part proposed as an extracellular domain (aa
52–252) (Fig. 2). This organization is consistent with that of
a type II glycoprotein and similar to the predicted hMPV G
protein. Specific features of the Colorado ORF1-encoded
protein included the presence in the transmembrane
domain of two methionine residues (positions 45 and 48)
together with a predicted cleavage site for an eukaryotic
signal peptidase (between aa positions 46 and 47), and a
longer C-terminal region (200 aa in the Colorado isolate
versus 184 aa in hMPV). Comparison of the ORF1 protein
with the G proteins of APV strains belonging to subgroups
A, B and D (Fig. 2) revealed low aa identities (21?0, 19?0 and
18?3%, respectively), a lack of conserved cysteine residues in
the extracellular domain and the absence of the short
hydrophobic aa stretch shown to be conserved in the
extracellular domain of the other APV subgroups (Bäyon-
Auboyer et al., 2000). Optimum pairwise alignments of the
Colorado ORF1 protein with the G proteins of viruses
belonging to the genus Pneumovirus revealed 13?1–18?3%
identity with PVM and HRSV subgroup B, respectively.

Regarding the polypeptides encoded possibly by ORFs 2a,
2b and 3, the similarity searches revealed only matches of
low significance. Positive matches with RNA viruses other
than hMPV were found only for the ORF2a polypeptide,
firstly with the N-terminal end of the virus coat protein of
several Sindbis virus isolates (e.g. accession no. P03316, E
value=0?01) and secondly with the proline-rich C-terminal
half of the G protein of some subgroup B RSV isolates (e.g.
accession no. Q9DLA6, E value=0?90). The BLAST search
for local similarities among the polypeptides encoded by the
secondary G ORFS of all MPVs (hMPV and APV subgroups
A–D) revealed only matches of low significance between
the Colorado virus and hMPV (the most significant match
was between the polypeptides encoded by ORF2b in both
viruses, E value=0?001). Some more significant matches
were detected also: (i) between the Colorado ORF2a and a
polypeptide corresponding to ORF2b in APV subgroup B
(E value=261024); (ii) between the polypeptides corre-
sponding to ORF2b in both the Colorado virus and APV
subgroup D (E value=261024); and (iii) between the
Colorado ORF3 polypeptide and polypeptides corresponding
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to ORF2b in APV subgroup B and to ORF3 in APV
subgroupD (E values=461024 and 261025, respectively).
These similarities corresponded to, at most, 33?8% aa
identity in pairwise alignments (between the Colorado

ORF2a and APV subgroup B ORF2b polypeptides), with, at

most, three consecutive conserved aa. They were much less

significant than found between the polypeptides encoded by

ORF2a in APV subgroups A, B and D (maximum E value=

7610225, at least 45?9% aa identity in pairwise alignments

and the presence of stretches of at least 10 consecutive

conserved aa). Searches based on the nt sequences of the

secondary ORFs of the Colorado virus revealed no positive
matches with either hMPV or other RNA viruses.

Partial sequencing of the L gene

The gene start signal of the Colorado L gene was located only
3 nt after the polyadenylation signal of the putative G gene
(versus a 209 nt long G–L intergenic region in hMPV; van
den Hoogen et al., 2002). The gene start of the L gene was
GGACCAAGT, which differed from the typical APV gene
start but also from the L gene starts determined previously
in APV subgroups A (AGGACCAAT; Randhawa et al., 1996)

Fig. 2. Alignment of the predicted aa sequence of the G protein of the APV subgroup C Colorado isolate (Colo) with APV
subgroup A strain CVL14/1, APV subgroup B strain 2119B, APV subgroup D strain Fr/85/1 and hMPV strain 00-1 (hMPV)
(see accession numbers in the legend of Fig. 4). The alignment was done with CLUSTAL W and was presented so as to give
the optimum alignment of Colorado with APV subgroups A,B and D on the one hand and of Colorado with hMPV on the other
hand. Proposed intracellular, transmembrane and extracellular domains are indicated above the sequences. Open marks are
used for comparison between APVs and Colorado, grey marks for comparison between APV subgroups A, B and D and
closed marks for comparison between Colorado and hMPV. Circles indicate the positions of conserved aa residues. Squares
indicate conserved serine and threonine residues (potential sites of O-glycosylation) and additional potential sites of
O-glycosylation due to S/T exchanges and arrows indicate conserved cysteines. Predicted sites of N-glycosylation are
enclosed in shaded boxes. The 15 aa stretch shown previously to be conserved between APV subgroups A, B and D (Bäyon-
Auboyer et al., 2000) is boxed. Gaps (periods) introduced into the sequence to optimize alignments are not taken into account
in the arbitrary numbering.
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and D (GGGACCAGT; Bäyon-Auboyer et al., 2000) and
finally from the hMPV L gene start (GAGACAAAT; van den
Hoogen et al., 2002). The start codon of the L gene was
located 5 nt downstream of the gene start signal. The first
1104 nt located at the 59 extremity of the ORF was
sequenced. This region exhibited 69?7% nt identity with
the corresponding region in the hMPV L gene but only 59?4,
59?4 and 59?0% nt identity with the corresponding regions
of the L genes in APV subgroupA (accession no. APU65312),
HRSV (accession no. M75730) and bovine RSV (BRSV)
(accession no. AF092942), respectively. The deduced pro-
tein of the Colorado isolate (Fig. 3) shared 73?6, 54?9, 40?8
and 39?4% aa identity with the L proteins of hMPV, APV
subgroup A, HRSV and BRSV, respectively. Alignment of
the N-terminal part of these polymerases revealed four
highly conserved areas, corresponding to aa 9–32, 202–220,
270–299 and 353–368 in the Colorado L protein. These four
areas (Fig. 3, grey boxes) proved to be 87?5, 63?2, 59?4 and
68?9% conserved in the Pneumovirinae tested and 95?8,
84?2, 90?6 and 87?5% conserved in the MPVs tested. The
region spanning aa 353–368 corresponded to the first
conserved domain (‘domain I’), as defined by Stec et al.
(1991), in the polymerases of negative-strandedRNAviruses.

Phylogenetic analysis

Phylogenetic analyses were performed with the G and L
genes only (Fig. 4), as no significant alignment with the
SH genes of other pneumoviruses could be produced.

Phylogenetic analysis of the L gene confirmed that the
Colorado virus was more related to other MPVs (APV
subgroup A and hMPV), as these three viruses clustered
together in 85?6% of the bootstrap trees generated, than to
members of the genus Pneumovirus. The Colorado virus and
hMPV proved to be related in 72% of the bootstrap trees
generated. Phylogenetic analysis of the G genes revealed
two clusters with a bootstrap value higher than 75%: one
grouped the RSVs from man and ungulates (79?4% boot-
strap, with a significant subcluster due to the genetic
relatedness of ORSV and BRSV), the other grouped all
MPVs. Significant subclustering was apparent among
MPVs, as isolates belonging to APV subgroups A, B and
D clustered together and independently of both the
Colorado isolate and hMPV in 95?8% of the bootstrap
trees generated.

DISCUSSION

This study reports the first sequences of the putative SH
and G genes (as defined by their position in the virus
genome) and the partial sequence of the L gene of a
subgroup C APV (Colorado isolate; Senne et al., 1997).
Whether the passage history of this isolate (which had
been passaged repeatedly in CEFs) may contribute to some
of the divergences in the nt sequences that are reported
here is not known, and sequencing of primary APV
subgroup C isolates is still required.

Fig. 3. Alignment of the predicted aa sequence of the NH2-terminal extremity of the L polymerase protein of the APV subgroup C
Colorado isolate (Colo)with APV subgroupA strainCVL/14.1 and hMPVstrain 00-1 (hMPV) (see accession numbers in the legend
of Fig. 4). The alignment was done and presented as in Fig. 1. Open circles are used for comparison between APV subgroup A and
Colorado and closed circles are used for comparison between Colorado and hMPV. Circles indicate conserved residues. Double-
headed arrows above the sequences identify long aa stretches withmore than 84%conservation betweenMPVs (Colorado, hMPV
and APV subgroup A), HRSV subgroup A and BRSV. Within these areas, shaded residues are conserved in all viruses.
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The conserved features in the Colorado and hMPV putative
SH proteins included a similar hydrophobicity, conserved
cysteine residues in the putative extracellular domain and
short conserved stretches of aa. Another striking conserved
feature in the SH gene was the location of a stop codon
several codons upstream of the typical transcription
termination sequence (24 untranslated codons including
two additional in-frame stop codons in Colorado versus

17 untranslated codons with two additional in-frame stop
codons in hMPV; van den Hoogen et al., 2002). Such an
organization is not found in the APV subgroup A SH gene,
where no typical APV gene end signal (AGTTA) is apparent,
although a poly(A) tract occurs 15 codons downstream of
the stop codon (Ling et al., 1992). One possibility might be
that truncated SH proteins have been produced in APV
subgroup C and hMPV by the introduction of premature
stop codons in longer ancestor sequences. A similar
mechanism has been described in the G gene of HRSV
mutants that produce truncated forms of the G protein
(Rueda et al., 1991). Further studies are needed to determine
if APV subgroups B and D, which are more genetically
related to APV subgroup A than to APV subgroup C (Shin
et al., 2002; Seal, 1998; Bäyon-Auboyer et al., 2000), exhibit
an APV subgroup C- or -A-like SH organization or,
possibly, subgroup-specific SH changes. The biological
significance of differences in the SH proteins is still largely
unknown in the Pneumovirinae. Between HRSV subgroups
A and B, the SH protein is mostly conserved (71?9% aa
identity between representatives of the two subgroups; Chen
et al., 2000) and the short HRSV SH protein (64 and 65 aa in
subgroups A and B, respectively) is suspected to have its
integrity maintained due to an evolutionary or biological
pressure (Chen et al., 2000). Experiments with HRSV and
BRSV mutants or recombinant viruses deleted in their SH
gene (Karron et al., 1997; Bukreyev et al., 1997;
Techaarpornkul et al., 2001; Karger et al., 2001) showed
that SH is dispensable for virus growth in vitro but that a lack
of SH may, in a murine experimental model, selectively
impair HRSV replication in the upper respiratory tract and
not in the lung (Bukreyev et al., 1997). Whether a lower
biological pressure in APV explains a greater variation
among the SH genes of different APV subgroups or whether
different SH proteins have a critical role in the host range,
pathogenesis or organ tropism of MPVs awaits further
investigation. The fact that extracellular cysteine residues are
conserved in the Colorado, hMPV and APV subgroup A SH
proteins, however, suggests that the secondary structure
might be critical for their biological activity.

The putative attachment glycoprotein of APVs, G, is the
most variable protein between APV subgroups (Juhasz &
Easton, 1994; Bäyon-Auboyer et al., 2000) and is believed to
represent the basis for antigenic variation. The determina-
tion of the nt sequence of the G gene of an APV subgroup C
virus was hence of major interest, as this subgroup has been
shown to be the more antigenically divergent among APVs
(Cook et al., 1999; Toquin et al., 1999b, 2000) and to escape
molecular identification tests based on subgroup-specific
oligonucleotide primers defined in the G gene (Bäyon-
Auboyer et al., 1999). The G sequence reported here
corroborates these previous findings, as the Colorado
putative G gene and its deduced protein appeared to
share very low nt and aa relatedness with other APV
subgroups. Indeed, the best aa identity of the putative G
protein of subgroup C was 21?0% with APV subgroup A
(versus at least 28?1% between other APV subgroups;

Fig. 4. Phylogenetic relationships between APV, hMPV and
members of the genus Pneumovirus, based on the analysis of
the nt sequence of the attachment glycoprotein gene (G) and
the polymerase gene (L). Consensus phylogenetic trees were
deduced from 500 trees generated by SEQBOOT. Each dataset
was analysed using the neighbour-joining method. In each tree,
the nt sequence of SV5 (accession no. AF052755) was used
as an outgroup. Sites including gaps introduced by the outgroup
were eliminated from the multiple alignment. Bootstrap percent-
ages were based on the 500 bootstrap iterations. Branch
length has no particular significance. When relevant, the virus
subgroup and the reference of the strain have been indicated
before the virus name. Accession numbers for the sequences
included in the analysis are as follows: G tree, ORSV (L08470),
BRSV subgroup A strain tue (AF092942), HRSV subgroup B
(M17213), HRSV subgroup A (Z33423), APV subgroup B strain
2119b (L34031), APV subgroup B strain 6574 (L34033), APV
subgroup B strain 872S (L34034), APV subgroup A strain CVL/
14.1 (SA40185), APV subgroup D strain Fr/85/1 (AJ251085),
hMPV strain 00-1 (AF371337) and PVM strain 15 (D11129).
L tree: APV subgroup A strain CVL/14.1 (APU65312), hMPV
strain 00-1 (AF 371337), HRSV subgroup A (AF254574) and
BRSV (AF065167).
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Bäyon-Auboyer et al., 2000). Consistent with this low aa
identity, the Colorado putative G protein lacked several
typical features recognized previously in its A, B and D
counterparts, such as the highly conserved extracellular
cysteine residues and the short hydrophobic and conserved
aa stretch located in the G extracellular domain (Juhasz &
Easton, 1994; Bäyon-Auboyer et al., 2000).

Interestingly, the Colorado G protein also shared only
20?6% overall aa identity with its hMPV counterpart, with
an even lower conservation of the extracellular domain. This
is less than what is found between RSV isolates from
different mammalian species (25 to 29% aa identity exists
between G from HRSV subgroups A and B, BRSV subgroup
A and ORSV). In spite of this low conservation, the
Colorado putative G gene shared with its hMPV counterpart
a highly conserved putative intracellular domain of its ORF1
product and the presence of shorter secondary ORFs. The
phylogenetic analysis based on the G nt sequences produced
results that are consistent with these observations: among
MPVs (91?0% bootstrap value), the Colorado and hMPV G
genes appear both significantly different from the A, B andD
APV genes (which are grouped in 95?8% of the bootstrap
trees generated) and only weakly related to the other (68?4%
bootstrap value). These results should, however, be con-
firmed once more hMPV and APV subgroup C-related
sequences become available, as more sequences would
ensure that the alignment of the aa sequences (first step in
the phylogenetic analysis) is indeed relevant. Finally, a
specific feature of the Colorado G protein, as compared with
other MPVs, was the presence in its predicted trans-
membrane domain of a methionine codon followed by a
predicted signal peptidase cleavage site. In HRSV, due to
a similar organization, translation may initiate within the
transmembrane domain, at the second ATG codon, leading
to the production of a G protein with a truncated anchor.
Following cleavage by a signal peptidase, Gs, a soluble form
of G, is eventually secreted (Hendricks et al., 1987; Roberts
et al., 1994; Lichtenstein et al., 1996). Hence, the possibility
that the Colorado isolate might also produce a soluble
secretory form of G should also be considered.

Both the Colorado and hMPV G genes include potential
secondary ORFs. In the Colorado isolate, most of these were
not flanked by the typical gene start and gene end sequences
and they did not include any start codon either. However, as
observed by van den Hoogen et al. (2002), it cannot be ruled
out that some of these ORFs are used in the coding of as yet
unrecognized virus proteins due to some editing events. In
this respect, the ORF3-encoded 137 aa peptide might be
especially interesting, as it is the only Colorado secondary
ORF to end with AGTTA, a typical MPV gene end signal
(overlapping with its TAG stop codon, as found in
several APV genes). In APVs belonging to subgroups A, B
or D, there has been no experimental evidence so far that
polypeptides different from the ORF1-encoded protein
might be encoded by the G gene. However, the G genes of
subgroup A, B and D viruses all contain a potential ORF2,

which is devoid of any gene start or gene end signals
but exhibits a better inter-subgroup conservation than the
ORF1-encoded protein (at least 45?9% aa identity between
the ORF2 polypeptide versus, at best, 35?1% between the G
proteins; Bäyon-Auboyer et al., 2000).

Finally, the Colorado L gene was partially sequenced. As
already observed with subgroup A APV (Randhawa et al.,
1996), subgroup D APV (Bäyon-Auboyer et al., 2000) and
hMPV (van den Hoogen et al., 2002), the L gene start
differed from those of the upstream genes. The fact that
various changes in the L gene start do occur in different
viruses might indicate that these changes contribute to
confer a different level of expression to the L gene, as
compared with other genes that include a more typical gene
start. Highly conserved aa blocks were apparent in the
N-terminal part of the polymerases of the Pneumovirinae,
closer to the N-terminal end of the protein than domain I
(Stec et al., 1991). Such conserved domains correspond to
those defined previously by N. Tordo and others as the
‘NH2-terminal’ and ‘pre-1’ conserved domains (N. Tordo,
Pasteur Institute, Paris, France, personal communication).
The identification of such aa domains, downstream of the G
gene end and conserved in all MPVs (and thus likely to be
highly conserved at the nt level), is an important step
towards the definition of conserved oligonucleotide primers
that could be used to amplify the possibly highly divergent G
gene of as yet unrecognizedMPVs in other animal species or
in other genetic lineages of hMPV (Peret et al., 2002; van den
Hoogen et al., 2002).

Altogether, the present findings show that the Colorado
isolate (proposed as the type species for subgroup C APV;
Seal, 2000) and the hMPV isolated recently (van den
Hoogen et al., 2001, 2002) share in their SH and G genes
some features that make them clearly different from the
APV subgroups known previously. However, the two
viruses also exhibit extensive sequence divergence from
one another (26?9 and 21% aa identity in their SH and G
genes, respectively, versus 68–88% aa identity in their N,
P, M, F and M2 genes). Several genetic lineages of hMPV
are presently under study (Peret et al., 2002; van denHoogen
et al., 2002) and it cannot be ruled out that some as yet
unrecognized hMPV genetic lineage might prove more
genetically related to APV subgroup C than hMPV isolate
00-1. However, the level of divergence reported here makes
it unlikely that the common ancestor of APV subgroup C
and hMPV viruses crossed the species barrier in recent
history. Regarding the classification of MPVs, the unique
antigenicity of the Colorado virus, together with the dif-
ferent organization of its G gene, suggest that this virus
might represent a second APV serotype among the MPVs.
Based on the extensive divergence in their putative G
proteins, antigenic differences between hMPV and APV
subgroup C might be expected. Whether hMPV represents
a third serotype within the genus Metapneumovirus or
whether it represents a different subgroup within a possibly
‘APV subgroup C defined’ second MPV serotype, awaits an
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extensive evaluation of the cross-reactivity of these viruses
in antigenic studies.

NOTE ADDED IN PROOF

A recent paper (Alvarez et al., J Clin Microbiol 41, 1730–1735) reports
on the reverse transcription, amplification and sequencing of a 1321 nt
long G-encoding mRNA derived from cells infected by the Colorado
virus or by several APV subgroup C isolates from the United States. The
sequences of the 59 and 39 ends of this mRNA are identical to the
sequences reported here from genomic RNA for the SH and G genes,
respectively. Such a long mRNA could be transcribed if APV subgroup
C polymerase performs some readthrough at the SH–G gene junction.
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